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Available online 16 September 2014AbstractA numerical study is presented of a novel approach to fibre optic SPR-sensor development for biosensing applications. The
proposed technique is based on a standard SMF-28 type bent single-mode optical fibre with a thin metal film applied to its optical
cladding. It was shown that by adjusting the curvature radius and the metal film thickness, one can achieve effective coupling
between the fundamental mode of the fibre and the surface plasmon mode supported by the metal/surrounding medium interface
through the meditation of whispering gallery modes propagating along the bent inner surface of the fibre cladding. This effect is
demonstrated to enable refractometric measurements, both in the wavelength and in the intensity-modulated regimes, with a
resolution of up to 10-8 RIU. The use of standard noise reduction techniques for intensity-modulated optical signals promises
further increase in accuracy.
Copyright © 2014, Far Eastern Federal University, Kangnam University, Dalian University of Technology, Kokushikan University.
Production and Hosting by Elsevier B.V. All rights reserved.
Keywords: Surface plasmon resonance; Biosensing; Precision refractometryIntroduction
One of the major trends in the development of
biosensing technologies addresses refractometric sen-
sors based on surface plasmon resonance (SPR) [1e4].
Due to the extreme sensitivity of SPR-sensors and their
ability to bypass the use of fluorescent markers, these* Corresponding author. Institute of Automation and Control Pro-
cesses, FEB RAS, Russia.
E-mail addresses: kulchin@iacp.dvo.ru (Y.N. Kulchin), oleg_
vitrik@mail.ru (O.B. Vitrik), anton_dys@iacp.dvo.ru (А.V.
Dyshlyuk).
Peer review under responsibility of Far Eastern Federal Univer-
sity, Kangnam University, Dalian University of Technology,
Kokushikan University.
http://dx.doi.org/10.1016/j.pscr.2014.08.014
1229-5450/Copyright © 2014, Far Eastern Federal University, Kangnam U
Production and Hosting by Elsevier B.V. All rights reserved.sensors are becoming a universally accepted tool to
study biomolecular interactions and finding increasing
application for the detection of chemical and biological
analytes [1,3,4]. SPR-sensors make use of surface
plasmon waves propagating along a metal e dielectric
interface to measure ultra-small variations in the
dielectric refractive index in the vicinity of the inter-
face with resolutions down to 107 e 108 RIU
(refractive index units). As a rule, SPR-sensors are
built around the prism-based Kretschmann configura-
tion, diffraction gratings, and integrated or fibre
waveguides [4e6], among which fibre-optic SPR sen-
sors are particularly promising due to their inherent
advantages, such as variable gauge length, no need for
mechanical adjustment of moving parts,niversity, Dalian University of Technology, Kokushikan University.
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as potential for reducing the costs of biosensing sys-
tems [1,5,6]. The best examples of fibre optic SPR
sensors are based on single-mode (SM) fibres [1,6].
However, to fabricate such sensors, a part of the fibre
cladding must be removed either chemically or me-
chanically, which degrades the reliability and longevity
of the sensor and leads to certain technological diffi-
culties. Another major drawback of fibre optic SPR-
sensors is usually a lower resolution (105e106)
compared to bulk systems, e.g., systems based on
Kretschmann configuration [1]. Thus, a search for a
novel configuration of single-mode optical fibre-based
SPR-sensors free from these limitations appears to be
timely and of considerable importance.
In [7], a surface plasmon resonance was demon-
strated to be excited in a standard single-mode fibre
without breaking its structural integrity by applying a
metal film directly on its optical cladding. The inter-
action of the fundamental mode guided by the fibre
core with the metal film is realised indirectly in this
case through the intermediary of the cladding modes of
the bent fibre. This phenomenon can be used as the
basis for precision single-mode fibre optic SPR-sensors
of a new type. However, for an adequate description of
the operation of such sensors, a detailed analysis of
guided light propagation in bent SM optical fibres with
metallised cladding is required, which is the subject of
this paper.
Methodology and results
The object of our investigation is a standard
SMF28-type single-mode optical fibre comprised of a
silica glass core and cladding along with a polymer
coating with the following refractive indices:
n1 ¼ 1.4504, n2 ¼ 1.4447, n3 ~ 1.5, with the radii:
r1 ¼ 4.15 mm, r2 ¼ 62.5 mm, r3 ¼ 125 mm, respec-
tively. A section of the fibre is stripped off the polymer
jacket and coated with a thin silver film, after which
the fibre is bent with a constant curvature radius. Next,
the bent section of the fibre is immersed in a medium
with a refractive index to be measured n0, which is
supposed to be between 1.3 and 1.44. Light is launched
into the fibre and output from the bent segment 2
through straight sections of the same fibre e 1 and 3
(Fig. 1). The analysis of guided light propagation in the
presented structure is performed numerically using the
eigenmode expansion method (EME) [8]. For
simplicity, the cylindrical step-index SM fibre is
approximated with an equivalent 2D slab waveguide
with a graded index profile calculated using theeffective-index method (Fig. 1, insert 1) [9]. Such an
approximation inevitably does not account for some
modes of Section 2, but greatly simplifies calculation,
while keeping intact the physical essence of the pro-
cesses under study [9].
The numerical results obtained using a finite-
difference algorithm indicate that as expected, Sec-
tions 1 and 3 have only one guided fundamental mode
(FM) (Fig. 1, curve 9), while the metallised Section 2
due to the total internal reflection at the outer surface
of the cladding (although attenuated by the metal film)
supports many modes.
However, only two among these modes are directly
relevant to the processes of coupling of light guided by
the waveguide core to surface plasmons. The profiles of
these two modes have a sharp peak at the metal e sur-
rounding medium interface, which corresponds to the
excitation of surface plasmons and are similar to the
straight waveguide fundamental mode in the core re-
gion, which indicates their high efficiency of excitation
by Section 1 FM. The characteristic electric field profile
of one of these modes is shown in Fig. 1, curve 8.
Due to ohmic losses, the modes of Section 2 do not
obey the conjugated form of the orthogonality relation
[10,11]. Therefore, when analysing the coupling of
guided light from Section 1 to Section 2, the excitation
coefficients for the modes of Section 2 are calculated
from the following equation:
ap ¼ 1
Np
Z
E1Hp·zdx; ð1Þ
where a more general unconjugated form of the
orthogonality relation is used:
R
Ep Hq·zdx ¼ dpq·Np
[11]. Here E1 is the electric field of the fundamental
mode of Section 1, Np, Ep, and Hp are normalisation,
electric field, and magnetic field, respectively, of the
modes of Section 2, dpq is the Kronecker delta function,
and z is the unit vector along the fibre axis. An equation
similar to (1) is used to compute the excitation coeffi-
cient for FM in Section 3. As a result of the numerical
analysis, a power ratio between fundamental modes in
Sections 1 and 3 was computed, which provides the
transmission coefficient of the entire structure under
study. The spectral dependence of this coefficient is
shown in Fig. 2a for the case when the waveguide is
bent in a full circle i.e., bend length is L¼ 2pR, where R
is the curvature radius. As one might expect, the
transmission spectrum of the waveguiding structure
features a resonant dip, indicating the excitation of
surface plasmon resonance. According to the simula-
tion results, the resonant wavelength of the dip lSPR lies
Fig. 1. Schematic of the waveguiding structure under study: 1 e input straight waveguide section, 2 e bent waveguide section, 3 e output straight
waveguide section, 4 e waveguide core, 5 e waveguide cladding, 6 e polymer jacket, 7 e silver film, 8 e electric field amplitude profile of one of
the two modes of Section 2 responsible for coupling light guided by the core to surface plasmons (the profile of the second mode is similar to this
one and not shown), 9 e electric field profile of the fundamental mode of Sections 1 and 3. In the Insert: refractive index profile of a standard SM
fibre (n1) and effective graded index profile of the equivalent slab waveguide n
0
1.
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bend radius is e.g., ~7 mm.
The depth and spectral selectivity of the dip, as well
as the sensitivity of the resonant wavelength to the
surrounding medium refractive index ðdlSPR=dn0Þ,
depend strongly on the metal film thickness d, with the
maximum values of these parameters attained at
d ¼ 30 nm. This behaviour is illustrated in Fig. 2a,
which shows the calculated transmission spectra for
two values of refractive index n0 (1.4216 and 1.4226)
when d ¼ 20 nm, 30 nm and 40 nm and R ¼ 7.1 mm.
The insert of Fig. 2a demonstrates the calculation re-
sults for the resonant wavelength dependence on the
refractive index of the surrounding medium for the
optimum value of metal film thickness d ¼ 30 nm. As
seen from the figure, this dependence is nearly linear,
with sensitivity dlSPR=dn0 reaching ~20 mm/RIU,
which is higher than that of many known fibre optic
SPR sensors and only slightly lower than that of the
best of them [1,2,5]. Furthermore, the SPR spectral dip,
in this case, is much narrower than in many other fibre-
based SPR-refractometers, which potentially may
provide an additional increase in refractometric mea-
surement resolution in the spectrally modulated
detection regime.
Further analysis reveals that intensity-modulated
detection regime is no less promising for thewaveguiding structure under study. Fig. 2b shows the
dependence of the transmission coefficient on the
surrounding medium refractive index at a fixed wave-
length l ¼ 1.66 mm for d ¼ 30 nm.
As one can see from the figure, an extreme variation
in transmission is observed, reaching 60 dB for
~1.5*103 change in the refractive index.
In the intensity measurement mode, the minimum
detectable change in the measured refractive index is
defined by the intensity noise level. As a first approx-
imation let us assume that the refractometric
measuring system noise is due to two major factors:
laser source noise and photoreceiver noise. In this case,
the detection limit of the measuring system can be
expressed as a sum of two terms:
dn¼ dn1þ dn2¼ PN1
P0
T
dn0
dT
þPN2
P0
dn0
dT
;
where PN1e equivalent noise power of the laser source,
P0 e laser source power, T e transmission coefficient,
and PN2 e equivalent noise power of the photoreceiver.
Fig. 2b shows the calculation results for dn1 and dn2 as
functions of n0 obtained for the values of P0, PN1, and
PN2 that are typical of modern laboratory equipment. As
is evident from the figure, the detection limit is found to
be approximately 108 and is mainly dominated by the
term dn1, which is responsible for the laser noise. Using
Fig. 2. Calculated transmission coefficient of the studied structure: a e transmission spectra computed at two values of n0 (1.4216 and 1.4226) for
values of d of 20 nm (1), 30 nm (3) and 40 nm (2). Insert 1 e dependence of SPR wavelength on the refractive index n0 for d ¼ 30 nm; b e
transmission coefficient vs. n0 at a fixed wavelength l ¼ 1.66 mm; dependences of dn1 and dn2 on n0.
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modulated optical signals (e.g., power referencing,
laser source modulation and frequency-selective
detection), the value of dn1 can be drastically reduced,
which promises a further increase in accuracy.Conclusions
The processes of excitation of surface plasmon
waves in a metal film applied to the cladding of a
standard bent single-mode optical fibre were studied
numerically. By adjusting the waveguide bend radius
and metal film thickness, effective coupling between
the fundamental mode guided by the waveguide core
and the symmetric surface plasmon mode propagating
along the metal e surrounding medium interface
through the intermediary of a cladding whispering
gallery mode was demonstrated. This effect was
demonstrated to enable precision refractometry both in
spectral and in intensity measurement modes with a
resolution down to 108 RIU. The use of standard
noise reduction techniques for intensity-modulated
optical signals promises further increases in accuracy.Acknowledgements
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